ABSTRACT The effect of linoleic and linolenic acid on antibody (Ab) responses to SRBC and BSA and on growth performance were studied in pullets of three genetically different laying lines. Pullets were fed one of three diets: a control diet, a linoleic acid-enriched diet, or a linolenic acid enriched-diet. The linoleic and linolenic acid enriched-diets were the control diet enriched with either sunflower oil or linseed oil. Two chicken lines divergently selected for high (H) and low (L) Ab responses to SRBC, and a randombred control (C) line were used. Total Ab responses to SRBC were not affected by diet, but in the H line a tendency for higher IgG titers to SRBC after primary immunization were found when birds were fed the linoleic diet. The humoral response to BSA was significantly affected by a line by immunization by diet interaction. In the H line birds, the linoleic diet significantly enhanced Ab titers to BSA as compared to the normal diet and linolenic acidenriched diet. The linolenic acid-enriched diet significantly decreased Ab titers to BSA in the C line birds. No dietary effects on the titer to BSA were found in the L line birds. During the first 3 wk of life, the linolenic acidenriched diet resulted in reduced BW gain of H line birds. After that period, no effects of diet on BW gain was found.
INTRODUCTION
Eicosanoids are the substrates of several oxidative metabolic pathways for the production of prostaglandins (PG), and leukotrienes (LT) (Samuelsson, 1983) . The PG and LT are involved in various immune responses. Prostaglandin E 2 modulates the production of interleukin (Il)-1 and tumor necrosis factor (TNF) (Kinsella et al., 1990) . Leukotriene B 4 augments T and B cell proliferation, natural killer cell activity, and cytokine release from monocytes and T cells, and acts as a potent chemoattractant (Rola-Pleszczynski, 1989; Kinsella et al., 1990; Claesson et al., 1992) . The principal precursor of eisosanoids in mammals (Horrobin, 1983) , and poultry (Watkins, 1991) is arachidonic acid (AA, ).
That type and amount of dietary polyunsaturated fatty acids (PUFA) dictates the fatty acid composition of lipids in hen egg yolk and in tissues of growing chicks Watkins, 1989, 1990) . Diets containing sunflower oil rich in C 18:2n-6 lead to increased AA in tissue phospholipids of poultry (Applegate and Sell, 1996) . Eicosapentaenoic acids (C 20:5n-3 ) present in fish oils, and linseed oil, which is rich in linolenic acid, were shown to lower n-6 PUFA in chick liver, muscle Watkins, 1989, 1990) , and lymphoid tissues (Watkins, 1991) , presumably by enhancing n-3 PUFA formation. In mice, high levels of dietary linoleic acid increases AA in macrophages and PGE 2 synthesis (Johnston, 1988; Kinsella et al., 1990) . Deficiency of n-6 PUFA impairs immune responses (Gurr, 1983; Johnston, 1988; Kinsella et al., 1990; Lefkowith, 1990) ; however, overproduction of PGE 2 (Kinsella et al., 1990) , or high in vitro dosages of n-6 PUFA can also suppress immune responses in vitro (Calder et al., 1992; Soyland et al., 1993; Yaqoob and Calder, 1993) and in vivo (Friend et al., 1980) .
Chickens have been divergently selected for either high (H line) or low (L line) antibody (Ab) responses to SRBC at 5 d after i.m. immunization at 37 d of age (Van der Zijpp and Nieuwland, 1986) . These lines differ with respect to Ab responses to various T cell-dependent antigens (Parmentier et al., 1994) and vaccines (Parment- et al., 1996) . In addition, a randombred control (C) line initiated at the same time as the selected lines, and which resembles the genetic pool of the original parental stock of layers (Pinard et al., 1993) , has been maintained. The H line birds have lower BW than C and L line birds (Parmentier et al., 1996) . In the present study, we evaluated effects of various levels of dietary linoleic acid and linolenic acid on Ab response and BW gain of the three chicken lines, which differ in immune response and BW. A relation between BW gain and immune response of the current lines and the cachectin activities of Il-1, and TNF were expected to be affected by dietary PUFA.
MATERIALS AND METHODS

Birds and Housing
Birds originated from one of three selection lines, which originated from an ISA Warren cross (medium heavy layers). Two lines had been selected for either H or L primary Ab responses at Day 5 after primary i.m. immunization with SRBC at 37 d of age. Additionally, a randombred C line has been kept (Van der Zijpp and Nieuwland, 1986) . From the 15th generation, 72 pullets, 1 d of age, of each of the three lines, all from one hatch were used. Chicks were housed in battery cages (50 × 100 cm) with 12 chicks per cage. Birds had free access to feed and water. The birds were vaccinated against Marek's disease, infectious bronchitis, and infectious bursal disease at 0, 2, and 15 d of age, respectively, and Newcastle disease at Day 0.
Experimental Design
Effects of linoleic-or linolenic acid-enriched diets on Ab responses to SRBC and BSA, as well as BW gain of the selected lines were studied using a 3 × 2 × 3 factorial design: three lines (H, C, and L lines), two immunization treatments (immunized or unimmunized), and three diets (linoleic acid-enriched, linolenic-acid enriched, and standard (control) starter-grower diet). The linoleic acidenriched diet was composed of standard starter/grower diet with additional (7%) sunflower oil, high in (C 18: 2n-6 ) PUFA, in particular linoleic acid; the linolenic acidenriched diet was composed of standard starter-grower diet with (7%) linseed oil, high in (C 18:3n-3 ) PUFA, in particular linolenic acid (Applegate and Sell, 1996) . Compositions of the standard, linoleic-and linolenic acidenriched diets are shown in Table 1 . From 1 d after hatching until 5 wk of age, birds were fed a starter diet formulated to meet nutritional requirements of layer pullets of a medium-heavy strain (National Research Council, 1994) . Thereafter, pullets were fed a grower diet (Table 1) 
Humoral Immune Response to SRBC and BSA
Total, and mercaptoethanol-resistant (IgG) Ab titers to SRBC were determined by agglutination, according to Van der Zijpp and Leenstra (1980) , in serum from all 216 birds 1 d before, and at 3, 6, 10, 14, 21, and 31 d after primary sensitization, and at 3, 5, 7, and 14 d after booster. Antibody titers measured against SRBC were expressed as the log 2 of the reciprocal of the highest serum dilution giving complete agglutination. Titrations were assessed the same day in 96-well microtiter plates, using SRBC from the same sheep that were used for the immunizations.
Total Ab titers to BSA were determined by ELISA in serum from all 216 birds 1 d before, and at 3, 6, 10, 14, 21, and 31 d after primary sensitization, and at 3, 5, 7, and 14 d after booster. Briefly, 96-well plates were coated with 4 mg/mL BSA. After subsequent washing with PBS, 0.05% Tween, the plates were incubated with serial dilutions of serum. Binding of Ab to BSA was detected using 1:20,000 diluted rabbit anti-chicken Ig coupled to horse radish peroxidase (RACh/IgG H+L /PO). 2 After washing, tetramethylbenzidine and 0.05% H 2 O 2 were added and incubated for 10 min at room temperature. The reaction was stopped with 2.5 N H 2 SO 4 . Extinctions were measured with a Multiskan 3 at a wavelength of 450 nm. Titers were expressed as the log 2 values of the highest dilution giving a positive reaction. Positivity was derived from the extinction values of a standard positive serum present on every microtiter plate.
Body Weights
Body weights were recorded at hatch until 30 d of age (Period 1) three times per week, and from 30 d of age (4 d before primary sensitization) until 78 d of age (Period 2) three times per week, respectively.
Statistical Analysis
Total serum Ab titers to BSA, and SRBC, and mercaptoethanol-resistant (IgG) Ab titers to SRBC, were analyzed by a four-way ANOVA for the effect of line, type of immunization, diet, time, and their interactions using the repeated measurement procedure (SAS Institute, 1985) . Body weight gain during Period 1 (before primary immunization with antigen) and Period 2 (after primary immunization) were analyzed separately by a two-or three-way ANOVA for the effects mentioned above. Preliminary analysis of the Ab titers to SRBC and BSA with this model showed the presence of several four-way interactions between immunization, time, and the other effects. Within PBS immunization, nearly no effects of line and diet were found. Therefore, the effects of line, diet, and time after immunization and their interactions were also tested in the immunized animals only, using the similar model but excluding the effect of immunization.
RESULTS
Humoral Immune Response to SRBC and BSA
Least squares means of mean total serum Ab titers to BSA, and SRBC, and mercaptoethanol-resistant Ab (IgG) to SRBC during 4.5 wk after primary sensitization at 5 wk of age, and 2 wk after booster are shown in Table 2 .
SRBC. The total Ab response to SRBC during the complete observation period (Table 2) was significantly affected by a line by immunization interaction. During the complete experimental period, levels of Ab binding SRBC were higher in the H line than in the C and L lines (P ≤ 0.05), and the L line showed significantly lower titers than Mercaptoethanol-resistant (IgG) Ab responses to SRBC were absent in the L line, and significantly higher in the H line than in the C line. With respect to the complete experimental period, diet did not affect IgG titers to SRBC, although in the H line IgG titers to SRBC of birds fed with linolenic acid-enriched diet were lower than IgG titers of birds fed linoleic acid-enriched diet. A three-way interaction: line by diet by immunization was found in the period after primary immunization. Significantly higher IgG titers to SRBC were found in H line birds fed with linoleic acid-enriched diet than with H line birds fed the standard and linolenic acid-enriched diets, but not in the other lines. No effects of diet were found on the IgG titers to SRBC after booster.
At Days 10 and 14 postprimary sensitization, a significant line by immunization by diet effect was observed. In unimmunized birds, no differences were present in anti-SRBC IgG titers between diets and lines; being zero for all groups at Days 10 and 14. The immunized L birds also mounted no IgG against SRBC, and thus no differences between diets were present. Regarding immunized H birds, the linoleic acid-enriched diet enhanced the anti-SRBC IgG response; titers being at Day 10 1.75, 0.42, and 1.33, and at Day 14 1.92, 0.33, and 0.25 on the linoleic acid-enriched, linolenic acid-enriched, and control diet, respectively, whereas in the immunized C birds, the linoleic acid-enriched diet decreased the IgG SRBC response; titers being at Day 10 0.58, 1.17, and 0.50, and at Day 14 0.33, 0.75, and 0.92 on the linoleic acidenriched, linolenic acid-enriched, and control diet, respectively.
BSA. All three lines mounted Ab responses to BSA when sensitized to BSA. The humoral response to BSA was significantly affected by a line by immunization by diet interaction. Significantly higher titers (P < 0.05) were found in the H line than in the C and L lines, whereas the C line also differed significantly (P < 0.05) from the L line. Testing the effects of line, diet, and time after immunization and their interactions with exclusion of the effect of immunization revealed a line by diet effect. In the H line birds only, Ab titers to BSA were significantly enhanced in birds fed with the linoleic acid-enriched diet as compared to that of birds fed the standard diet and the linolenic acidenriched diet. Titers from H line birds fed with the linolenic acid enriched-diet were lower than titers from birds fed standard diet, however, not significantly so. No effects of the diet on the titer to BSA was found in the L line birds immunized with BSA. In the C line, the linolenic enriched-diet decreased Ab titers to BSA significantly compared to the standard diet. Separate analysis of the immune responses after primary sensitization and booster gave similar results. The linoleic acid enriched-diet enhanced Ab titers to BSA in the H line at almost all times after primary and secondary immunization. No effects of the diet on antibody titers to BSA after primary or secondary immunization were found in the other two lines.
Body Weights
At hatching (live) BW of pullets of the H and L lines were significantly lower than BW of pullets of the C line. During observation Period 1 (from hatching until 30 d of age) the BW of H line birds remained significantly lower than those of the C and L line birds. Body weight and BW gain during this period was affected by a line by diet interaction (Table 3) . The H line birds fed with the linolenic acid enriched-diet had significantly lower BW and growth than H line birds fed with the linoleic acidenriched diet or the standard diet, respectively. Especially during the first 3 wk of age, the linolenic acid-enriched diet resulted in reduced BW gain in the H line birds.
Also in Period 2 (after sensitization with antigen), lower BW were found in the H line birds that consumed the linolenic acid-enriched diet (Table 4) . Body weight in this period was affected by a line by immunization interaction. Immunization significantly enhanced BW in H line birds. Although not significant, reduced BW were found in C *P < 0.05. **P < 0.01. ***P < 0.001. 
line birds. Growth during Period 2 was not affected by diet or immunization.
DISCUSSION
The present study showed that modulation of Ab responses of chickens to BSA and SRBC was possible via the diet. The Ab response to SRBC was not as much affected as that for BSA. Quantification of Ab titers to BSA via ELISA is more sensitive than agglutination assays to SRBC. The current selection may have resulted in genetically fixed responses to SRBC in H and L lines, but differences in processing or presentation of a particulate antigen (SRBC), and a soluble antigen (BSA) cannot be excluded. In mice, particulate antigens may induce immune responses regulated by T-helper (TH)-1 cells, i.e., T cells that initiate inflammation (Mosmann and Coffman, 1989) , because these antigens induce macrophage production of a-interferon, which in turn, stimulates g-interferon production. Antigen presentation of soluble antigens via B cells (Romagnani, 1992; Borrello and Phipps, 1996) may promote the differentiation of TH-2 cells that regulate humoral immune responses. The TH-1 and TH-2 cells have not been identified as such in poultry.
The H line birds fed the linoleic acid-enriched (7%) diet had enhanced Ab responses. The linolenic acidenriched (7%) diet, however, decreased Ab responses in the C line. The essential fatty acid for poultry is linoleic acid. The requirement of linoleic acid for laying pullets is recommended to be 1% of the diet, but 0.8% may satisfy growth and maintenance requirements (NRC, 1994) . Also, linolenic acid may be required, but the minimal requirement for linolenic acid is unknown. In the current study, diets were not deficient for either linoleic or linolenic acid. The present results are consistent with the observation that AA and eicosanoid production are affected by competition of n-3 PUFA with n-6 PUFA for the binding site of PG synthetase (Crawford, 1983) . In mammals, C 18:3n-3 PUFA (linolenic acid) inhibit conversion of C 18:2n-6 PUFA (linoleic acid) to AA (Brenner, 1981; Horrobin, 1991) , and thus inhibit production of AA-derived PGE 2 (Willis, 1981) . Macrophages incubated with media containing n-3 PUFA (Lokesh and Kinsella, 1987; Lokesh et al., 1989) , and macrophages from mice fed n-3 PUFA (10% menhaden oil) produced significantly lower amounts of PGE 2 , but higher amounts of Il-1 and TNF when compared with macrophages from mice fed corn oil (Lokesh et al., 1989) . In poultry, an inverse relation between these two classes of PUFA has also been described. The increase of n-3 PUFA in tissues of birds fed with increasing levels of fish meal was at the expense of the n-6 PUFA (Edwards and May, 1965; Miller et al., 1967 Miller et al., , 1969 Ratnayake and Ackman, 1989) . In birds fed sunflower oil, increased desaturation and elongation of C 18:2n-6 to AA can progress unhindered, because the content of competing n-3 PUFA in sunflower oil is low. Such competition between n-3 PUFA and n-6 PUFA may have affected Ab responses in the current (normal) C line birds, whereas in the H and L lines the balance appeared to favor stimulating Ab responses in the H line and to have no effect at all in the L line.
The H line birds had significantly lower BW than C and L line birds. Body growth of poultry may be affected by the cachectines IL-1 or TNF that after immune stimulation induce a reduction of growth and feed utilization, and accelerated muscle protein degradation (Klasing and Johnstone, 1991) . Dietary fish oils decreased macrophage AA concentration, and PGE 2 production in mice, and enhanced Il-1 and TNF synthesis in response to bacterial lipopolysaccharide stimulation (Lokesh et al., 1989) .
As yet, no differences between the lines in fat and protein contents were found, but preliminary data indicated smaller bony structures in the H line (unpublished data). Interleukin-1 stimulates PGE 2 release from several cell types (Kunkel et al., 1986) , but PGE 2 may also regulate Il-1 expression (Knudsen et al., 1986) . Being a key initial activator of immune responses, Il-1 activates collagenase and phospholipase A2 and the formation of PGE 2 in cells that are involved in formation and degradation of bone tissue in mammals. Bone formation in vitro is influenced by PG (Raisz, 1988) , by enhancing bone collagen synthesis in chick calvaria (Blumenkrantz and Sondergaard, 1972) . It is tempting to speculate that the linolenic enriched-diet leads to decreased BW and BW gain via decreased PGE 2 and consequently enhanced Il-1 release in the H line.
Application of dietary essential fatty acids may have potential improvements for flock health and disease resistance, but the effects of dietary fats on immune responses in poultry, as in mammals, are varied. A more rapid, higher, and persistent Ab response was found in broilers fed low levels of linoleic acid (Friedman and Sklan, 1995) . Diets high in n-3 PUFA reduced lesion scores in young broilers infected with Eimeria tenella (Allen et al., 1996) . In chickens, diets high in n-3 PUFA were reported to either stimulate (Fritsche et al., 1991) or to have no effect on Ab responses to SRBC (Phetteplace and Watkins, 1992) , and reduced proliferative responses to mitogens (Fritsche et al., 1991) . In mammals, PUFA of the n-6 series reduced immune responses, whereas n-3 PUFA both stimulated and inhibited immune responses (Kelly and Daudu, 1993) . Increasing dietary linoleic acid increased AA in macrophages and PGE 2 synthesis (Johnston, 1988; Kinsella et al., 1990) . A deficiency of linoleic acid, on the contrary, reduced AA and eicosanoid production by macrophages, and reduced in vitro lymphocyte proliferation, Il-2 production, and leucocyte chemotaxis (Kinsella et al., 1990; Lefkowith, 1990) . However, high n-6 dietary PUFA intake and high in vitro dosages depressed immune responses in vitro: lymphocyte proliferation (Calder et al., 1992; Soyland et al., 1993) , Il-1 and Il-2 production (Yaqoob and Calder, 1993) , and in vivo hypersensitivity and Ab production (Friend et al., 1980) .
In humans, intake of (g-)linolenic acid-rich oils, and in a dose-dependent matter also linoleic acid-rich oil reduced clinical symptoms of experimental autoimmune encephalomyelitis (Harbige et al., 1995) , whereas linoleic acid-rich oil also had a beneficial influence on the course of multiple sclerosis (Dworkin et al., 1984) and arthritis (Leslie et al., 1985) . TH-1 T cells appear to be PGE 2 sensitive. Prostaglandin E 2 inhibits Il-2 and g-interferon production (Betz and Fox, 1991) . TH-2-cells may be influenced by g-linolenic acid and AA (Harbige et al., 1995) .
The interaction between diet and genetically based immune responsiveness of birds, illustrated by the effects of dietary PUFA on Ab responses and BW of the present H and C lines, indicated that further studies should not only include the effects of various doses of dietary n-6 and n-3 PUFA on Ab and inflammatory responses to various antigens, but that also incorporation of genetic effects is required, to optimize both health and production variables of poultry.
